Abstract: Glutathione S-transferase (GST) from the 4 th instar larvae of the dengue vector Aedes albopictus was purified by glutathione-agarose affinity chromatography and characterised using SDS-PAGE. The expression of the purified enzyme in the life stages and insecticide treated populations of Ae. albopictus as well as its cross-reactivity with larval GST of two dipteran species Aedes aegypti and Batrocera papayae were observed using western blotting. The purified GST had a specific activity of 196.0 ± 11 µmol/min/mg with a purification fold and yield of 28 and 69%, respectively. The SDS-PAGE analysis of the purified GST depicted a single band size of 23 kDa. The GST was expressed in all the larval and adult stages of Ae. albopictus with the exception of the pupal stage. However, the expression level in the adult stage was visibly reduced as compared to the larval stages. Western blotting analysis showed no cross-reactivity with the GST of Ae. aegypti (4 th instar) and B. papayae (3 rd instar) larvae. The expression of this enzyme was not inducible by exposure to the insecticides dichlorodiphenyltrichloroethane (1.25 mg/L) and malathion (0.3125 mg/L).
Introduction
Dengue is one of the most notable and destructive vector borne diseases in the world. Globally, over 2.5 billion people are at risk from dengue with an estimated 50-100 million yearly infections (WHO 2012) . The mosquitoes Aedes aegypti and Aedes albopictus are important dengue vectors (WHO 2012) as well as vectors of other numerous diseases. In addition to its ability to transmit viral diseases, Ae. albopictus ranks also among the world's worst invasive species (http://www.issg.org/database). Currently, in the absence of a vaccine against dengue (Deen 2004; Guzmán et al. 2004) , vector control continues to be the only feasible option for the control of dengue transmission (McCall & Kittayapong 2007) . This has made dengue to become one of the most insecticides targeted vector borne diseases (van den Berg et al. 2012) . The profound use of insecticides for vector control has led to the development of insecticide resistance in several insect vectors including Ae. albopictus (Ranson et al. 2010) . These insecticide resistance mechanisms include the detoxification of insecticides and alteration of insecticide target sites (Li et al. 2007) . The insects detoxify insecticides by using enzymes, such as cytochrome P450, esterases and glutathione S-transferases (GSTs) (Li et al. 2007) .
GSTs (EC 2.5.1.18) catalyse the conjugation of glutathione to electrophilic centres of non-polar compounds, making them more water soluble and easily excretable from the cells (Salinas & Wong 1999; Hayes et al. 2005) . They are involved in the detoxification of various endogenous and xenobiotic compounds, such as drugs, insecticides, organic pollutants, secondary metabolites and other toxins (Hayes et al. 2005; Blanchette et al. 2007) . They are also involved in the biosynthesis and intracellular transport of hormones and protection against oxidative stress (Cnubben et al. 2001; Hayes et al. 2005) .
In general, GSTs can be classified into at least 4 subgroups according to their subcellular location and function: cytosolic, mitochondrial, microsomal and bacterial antibiotic resistance proteins (Öztetik 2008) . Majority of insect GSTs are cytosolic enzymes and have been grouped into the following classes: delta, epsilon, omega, sigma, theta and zeta on the basis of their sequence similarity, genome organization and functional characters (Enayati et al. 2005; . Among the GST classes, the delta and epsilon classes are insect specific (Enayati et al. 2005; Lumjuan et al. 2007) . GSTs have been associated with resistance to organophosphate insecticides through O-dearylation or dealkylation reactions (Oppenoorth et al. 1979; Chiang & Sun 1993; Wei et al. 2001; Enayati et al. 2005) and organochlorine insecticides through dehydrochlorinase activity (Prapanthadara et al. 1993; Lumjuan et al. 2005 Lumjuan et al. , 2011 . Moreover, increases in GST activity and expression levels in pyrethroid resistant mosquitoes have also been reported (David et al. 2005) .
Due to the important roles of GST as a detoxifying enzyme involved in insect resistance and particularly the global and medical importance of Ae. albopictus, studies on the characterization and expression of GST in various developmental stages of vector populations is imperative for effective vector management aimed at the most vulnerable life stage. This study purified GST from larval populations of Ae. albopictus and determined its expression levels in various stages of the insect's development as well as expression responses when exposed to the insecticides dichlorodiphenyltrichloroethane (DDT) and malathion. Reactivity between Ae. albopictus larval GST and GST of a primary dengue vector Ae. aegypti and the fruitfly Batrocera papayae larvae was also studied.
Material and methods

Biological samples
Eggs of Ae. albopictus were obtained from the Vector Borne Disease Control Program, Kuching, Sarawak and reared to adults in the insectarium of the School of Biological Sciences, Universiti Sains Malaysia, Penang at 25±2
• C, 75±10% relative humidity and a 12:12 light:day photoregime. The emerged adults were fed on 10% sugar solution ad libitum.
Enzyme preparation, protein concentration and GST activity This was done according to Grant et al. (1991) with slight modifications. Fourth instar larvae (5 g) were homogenized in 5 mL extraction solution (50 mM TrisHCl pH 7.8, 10 mM β-mercaptoethanol, 10 mm ethylenediaminetetraacetic acid, 0.001 % phenylthiourea, 0.2 mM phenylmethylsulfonyl fluoride) on ice. The homogenate was centrifuged at 10,000×g, 4
• C for 30 min and the supernatant filtered and used as enzyme source for GST activity assay. The protein concentration was determined in accordance with Lowry et al. (1951) using bovine serum albumin (BSA) as a standard. A total of 1 mL of 2% sodium carbonate: 2% potassium sodium tartrate: 1% copper sulphate (100:1:1) was added to the sample (200 µL). The mixture was vortexed and left for 10 min at room temperature. Absorbance readings were recorded at 750 nm at 25
• C. GST activity was determined according to Habig et al. (1974) . A total reaction volume (1 mL) consisted of 5 µL sample added to an assay mixture of 20 mM 1-chloro-2,4-dinitrobenzene, 0.1 M potassium phosphate (pH 6.5) and 20 mM reduced glutathione (GSH). Absorbance readings were monitored for 2 min at 340 nm.
Cytosolic fraction preparation
The cytosolic fraction was prepared according to Jowett et al. (1991) with some modifications. Larvae (2 g) was homogenised in 6 mL lysis buffer (10 mM KH2PO4, pH 6.5; 1.15% KCl) for 5 min and centrifuged at 10,000×g for 30 min, 4
• C. The supernatant was again centrifuged at 100,000×g for 1 h, 4
• C and the resultant supernatant (cytosolic fraction) stored at -20
Purification of GST The GST was purified using glutathione sepharose 4B gel (Amersham Pharmacia Biotech) according to the manufacturer's protocol. The gel bed was equilibrated with 1X phosphate-buffered saline. The supernatant (5 mL) was loaded on the glutathione sepharose 4B matrix gel column (8×2 cm diameter) containing 2 mL glutathione matrix. The matrix was washed with 20 mL 1X phosphate-buffered saline pH 7.3 and the bound GST enzymes eluted with 9.6 mL (12×800 µL) buffer glutathione solution (10 mM GSH: 50 mM TrisHCl, pH 8.0) for 10 min at 25
• C and the fractions collected.
Sodium dodecyl salt-polyacrylamide gel electrophoresis (SDS-PAGE)
The method of Laemmli (1970) was used to perform electrophoresis using The Penguin TM gel System (Owl Scientific, Inc.). The separation gels were 12.5% acrylamide in 2 M TrisHCl (pH 8.8) whilst the stacking gels contained 5% acrylamide in 0.5 M TrisHCl (pH 6.8).
The protein sample (20 µL) was mixed with 5 µL 5X concentrated buffer (60 mM TrisHCl, pH 6.5, 25% glycerol, 2% SDS, 14.4 mM β-mercaptoethanol, 0.1% bromophenol blue) and boiled at 100
• C for 5 min. The mixture was centrifuged for 5 min at 13,000×g and electrophoresis done at 150 V for 2.30 h. Coomassie blue R250 (0.1% Coomassie blue dye R250, 25% methanol, 5% acetic acid) was used to stain the gel for visualization of the protein bands. The molecular weight was determined according to Hedrick & Smith (1968) .
Western blotting
Polyclonal antibodies against purified GST from Ae. albopictus (4 th instar) were produced following the method of Harlow & Lane (1988) using 6-8 weeks old New Zealand white rabbits for use in expression studies. GST expression in the life stages of Ae. albopictus and the cross-reactivity of GST from larvae of Ae. albopictus with GST from larvae of Ae. aegypti and B. papayae were observed by western blotting using the method of Towbin et al. (1979) with slight modifications. After SDS-PAGE without coomassie staining, the gels were immersed in transfer buffer (0.025 M TrisHCl pH 8.3, 0.192 M glycine, 20% methanol) for 15 min twice and the purified protein electrotransferred to nitrocellulose membrane (Hybond TM -C extra Amersham Pharmacia Biotech) overnight at 20 mA. The membranes were immersed in blocking solution made up of 10% non-fat milk and 10X Tris-buffered saline with 0.1% Tween 20 (TTBS) buffer for 1 h. The membranes were briefly washed twice with TTBS buffer and afterwards incubated in primary antibody (rabbit antiserum 1:10000 dilution) for 1 h. They were then washed twice for 15 min and four-times for 5 min with TTBS buffer. The membranes were then incubated with secondary antibody, anti-rabbit horse radish peroxidase at 1:1500 for 1 h. They were washed twice and fourtimes with TTBS buffer at 15 min and 5 min, respectively. The blots were developed by ECL TM (Amersham Pharmacia Biotech). Larval insecticide bioassay and GST expression in insecticide exposed larvae Fourth instar larvae were exposed to a series of DDT and malathion concentration using the WHO (2005) method. Each insecticide treatment consisted of a series of dilutions of the stock solution with each tray consisting of 100 mL of a mixture of distilled water and the insecticide dilution. Five replicates of 20 larvae each were exposed to each treatment. Mortality was recorded 24 hours post exposure and a dose-mortality response done using EPA Probit analysis software version 1.5 to calculate the median lethal concentration (LC50), lethal concentration to 90% of test population ((LC90), 95% confidence interval (CI), the gradient and standard error (SE). Abbott's (1987) formula was used to correct the mortality in the insecticides exposed populations when mortality in the control was between 5-20%. The experimental set up and holding conditions control populations and those that survived exposure to DDT (1.25 mg/L) and malathion (0.3125 mg/L) were analysed on a western blot to observe their GST expression.
Results
Crude and purified GST activity The protein content, total and specific activity, purification fold and yield of the crude and purified GST are presented in Table 1 . There was a 28-fold purification and 69% recovery yield of the purified enzyme. The purified GST from the larvae appeared as a single band on SDS-PAGE ( Fig. 1 ) with its molecular mass estimated at approximately 23 kDa. 
Expression of GST
Western blotting showed the enzyme expression among the various immature life stages as well as adult of Ae. albopictus (Fig. 2) . The band was detected in all the larval instars and adult stages of the mosquito whilst it was absent in the pupae. In the reactivity study with GST of 4 th instar larvae of Ae. aegypti and 3 rd instar larvae of B. papayae, the Ae. albopictus GST band was not detected in both species (Fig. 3) .
Insecticide bioassay and GST expression in insecticide exposed Ae. albopictus larvae The larvae displayed a lower toxicity (LC 50 ) response to the organophosphate malathion as compared to the organochlorine DDT (Table 2 ). The bioefficacy of both insecticides to the larvae was significantly different (p < 0.05).
The GST band was expressed in all the samples; both the surviving larvae exposed to insecticides and the controls, although the banding was intense in malathion surviving larvae (Fig. 4) .
Discussion
GST represents a large family of multifunctional proteins involved in a wide range of functions, which include the detoxification of insecticides (Enayati et al. 2005; Li et al. 2007 ). It is a major detoxification enzyme and an important insecticide resistance mechanism in insect species. GSTs have been associated with insecticide resistance to pyrethroids in several insects, such as Hyphantria cunea (Yamamoto et al. 2007) and Ae. aegypti (Enayati et al. 2005; Lumjuan et al. 2011) . They have been found to be involved in organophosphates metabolism (Enayati et al. 2005 ) and DDT metabolism in Ae. aegypti (Lumjuan et al. 2005) , Drosophila melanogaster (Low et al. 2010) and Culex pipiens (Samra et al. 2012) . The specific activity of the purified GST from the Ae. albopictus population is very high as compared to the specific activity of purified GST from other insect populations, such as the red imported fire ant Solenopsis invicta (Valles et al. 2003) , H. cunea (Yamamoto et al. 2007 ) and the psocid Liposcelis paeta ). The yield of the purified Ae. albopictus GST was relatively lower than that of the syrphid fly Myathropa florae (77%) but compared favourably with that of another syrphid fly Syrphus ribesii (65%) (Vanhaelen et al. 2004) , and other insects such as S. invicta (3.3%) (Valles et al. 2003) and L. paeta (41%) ), though other L. paeta populations from the same study had higher purification yield (79% and 120%) ). The estimated molecular mass of the purified GST from electrophoresis using SDS-PAGE was 23 kDa and this is similar to the GST size of many insect species, such as S. invicta (Valles et al. 2003) , the fall webworm H. cunea (Yamamoto et al. 2007 ) and some psocids Wu et al. 2009 ). GST activity in insects could be expressed differently depending on the life stages of the species. Qin et al. (2011) detected that the level of expression of four GST genes (LmGSTs2, LmGSTs4, LmGSTs6 and LmGSTs7) of Locusta migratoria manilensis were significantly higher in the nymphal and adult stages than in the egg stage, whilst another gene LmGSTu1 was undetected in the egg stage. The relative expression of several GST genes in Laedelphax striatellus also varied depending on the developmental stage of the insect (Zhou et al. 2012) . In this study, the enzyme was expressed in all the larval and adult (male and female) stages of Ae. albopictus. There was, however, no expression in the pupae of Ae albopictus. The enzyme expression was visibly higher in the larvae than in the adults and could be attributed to the fact that the larvae are more vulnerable to environmental toxins due to their soft cuticles; so higher levels of metabolic enzymes will aid them to adapt to their habitat (Zhou et al. 2012 ).
The purified GST had no visible cross-reactivity with both the 4 th instar larvae of another major dengue vector Ae. aegypti and also the 3 rd instar larvae of the fruitfly B. papayae. The absence of cross-reactivity could mean that the GST purified from Ae. albopictus may be species specific, however, this is inconclusive since GST is a large family and hence molecular characterization of this specific GST would conclusively identify and classify it.
Since GSTs are involved in insecticide resistance mechanisms of several insect species (Lumjuan et al. 2005 (Lumjuan et al. , 2011 Yamamoto et al. 2007; Low et al. 2010; Samra et al. 2012) , the exposure of insect populations to insecticides can influence their expression levels. According to Qin et al. (2011) , the exposure of L. migratoria manilensis to deltamethrin can increase or decrease the expression level of GST in the locust. Enhanced GST expression levels have also been reported in pyrethroid resistant Anopheles gambiae (David et al. 2005) . However, in another mosquito species, Culex quinquefasciatus, there was no difference in the expression levels of a GST gene, GSTd1 between DDT resistant and susceptible populations (Kasai et al. 2009 ). In this study, DDT was more lethal to the Ae. albopictus larvae as compared to malathion. These two insecticides belong to insecticide classes, which are metabolized by GST (Enayati et al. 2005; Lumjuan et al. 2005 Lumjuan et al. , 2011 . In the study by Lumjuan et al. (2005) , an Ae. aegypti GST, GST E2, was found to be very efficient in metabolizing DDT and its expression levels elevated in a DDT and pyrethroid-resistant population from Thailand. In this Ae. albopictus population, GST expression was observed in both DDT and malathion exposed and unexposed larval populations. This metabolic enzyme is constitutive in the populations sampled and was not induced by the concentrations of DDT and malathion that it was subjected to.
In conclusion, GST was purified from Ae. albopictus with a size of 23 kDa and this was expressed by means of western blotting in the larval stages and adults of Ae. albopictus. This enzyme had no reactivity with GST of Ae. aegypti (4 th instar) and B. papayae (3 rd instar) larvae. The expression of this metabolic enzyme in the 4 th instar larvae of Ae. albopictus was not induced by exposure to concentrations of DDT and malathion.
